The investigation of ionic liquids (ILs) confined in a solid porous matrix is of particular interest considering that these substances are increasingly used as electrolyte in devices employing nanostructured nanoporous materials for the electrodes. Furthermore, the confinement of the ILs into a porous matrix would allow overcoming the difficulties of its packaging, leakage and portability. In order to support applications, a deeper understanding of the interaction of ILs with the nanoporous solid material and its increased interface is required.
INTRODUCTION
Room-temperature ionic liquids (ILs), due to their non-flammability, low vapor pressure, controlled miscibility and high ionic conductivity, have stimulated a strong interest for many different applications: as solvent for more environmental friendly devices 1, 2 , as lubricants 3 and as electrolytes for electrochemical devices 4, 5 .
The interface between the ionic liquid and a solid surface has attracted remarkable interest in the last decade, since it plays a crucial role in the determination of the performance of the devices employing ILs as electrolytes. Phenomena occurring at the interface can differ significantly from the ones that take place in the bulk system, since the interaction with the solid surface may affect the properties of the thin layer of ILs close to the substrate.
For example, data acquired by AFM tip immersed in a bulk Room-Temperature IL (RTIL)
deposited on mica surface 6, 7 , have demonstrated a sequence of regular jumps, each corresponding to the rupture of a discrete layer, whose separation is comparable to the diameter of the molecular ions.
The sharp discontinuities in the force at regularly spaced distances from the surface suggest a solidlike ordering of the RTIL in proximity of the solid support, which extend different nm towards the bulk of the IL. The details of these solvation layers depend on the composition of the IL and on the chemical properties of the substrate. In fact, the strong layering apparent in the case of mica progressively weakens in going to silica, graphite and gold. Despite the interesting results concerning the periodically ordered layers of ILs in solvation layer structures, the precise organization of the cation-anion pairs and the liquid/solid phase of the IL layers are still unknown.
Direct observation of solid-like ordering at room temperature of [Bmim] [NTf2] ionic liquid drop-casted on mica, amorphous silica, and oxidized Si(110) has been reported in Ref. [8] [9] [10] . These ordered [Bmim] [NTf2] structures are not solvation layers, but they are solid-like multi-layered micrometer-wide terraces, which extend different tens of nm towards the bulk of the IL, assuming morphologies characterized by a perpendicular structural periodicity of ~0.6 nm, whose value is in agreement with the results of numerical simulations of thin [Bmim] [NTf2] layers on silica 11 .
Experimental evidences suggest that these [Bmim] [NTf2] structures formed on oxidized silicon and other insulating smooth substrates are not only (vertically) ordered, but also possess a mechanical resistance to compressive stresses that is typical of solid materials, with a measured Young's modulus of a few GPa 10 . In conditions of strong surface interaction and nanoscale confinement, these imidazolium-based IL rigid structures are also highly resilient to intense electric fields, and possess an electrically insulating character, with a dielectric constant = 3-5, similar to that of conventional solid salts 10 . Interestingly, also SEM analysis revealed that across the whole surface of the oxidized silicon substrate two different types of IL structures coexist, as suggested by the contrast in the secondary electrons map 10 .
However, the photoelectrochemical devices that use ILs as electrolytes (for catalysis, gas sensing, energy conversion and storage) are mostly characterized by rough and porous electrode interfaces, which boost the active surface area of the solid-liquid interface, and specifically confine the ionic liquid 12 . In particular, the interface between an IL and a porous, nanostructured or nanocomposite electrode, either at its surface or in the bulk of it, is the physical region with the strongest impact on the operation and performance of several state-of-the-art highly miniaturized microelectronic devices. This is likely the case of novel electrolyte-gated field effect transistor 13, 14 , or electrolytic supercapacitors 15 , but could be relevant also for systems integrating ILs and nanocomposite electrodes based on (bio)polymers for the nascent field of stretchable electronics 16, 17 .
The incorporation of ILs into a porous solid matrix (usually, composed by silica or carbon) results in ILs with improved mechanical integrity and ionic conductivity 18, 19 , due to the interactions between the walls of solid interface and the confined ILs. In particular, ILs confined into a porous silica matrix (also called 'ionogels') have found many applications in nanofluidics, drug delivery, electrochemical devices, sensors and biosensors [20] [21] [22] [23] .
Nanoconfined ILs constitute therefore a new class of composites, where the confinement effects and the interactions between the ILs and the pore walls of the porous solid networks modify their physicochemical properties compared to the corresponding bulk system. For example, an increase or decrease 24 of the melting point of ILs compared to the bulk state has been experimentally demonstrated under confinement, depending on the nature of the ILs 25 , on the surface chemistry of the solid interface 26, 27 , or on the environmental conditions 28 .
However, describing the structural organization and characterizing the functional properties of ILs in confined systems (either 2D rough surface or 3D porous matrix) is extremely challenging.
The difficulty is due on one side to the overlapping of signals coming from the different interfaces of the system, and on the other side to the tiny amount of IL confined in the first interfacial region, only a few nanometers thick, at the electrode surface.
Here we report the results of a systematic characterization by atomic force microscopy of the morphological and mechanical properties of [Bmim] [NTf2] thin films supported on a rough nanostructured oxidized silicon surface produced by supersonic cluster beam deposition 29 . The interface between imidazolium-based ILs and cluster-assembled nanostructured thin films was used as a model for the investigation of the confinement effects on ILs at nanoporous interfaces.
We observed that the high roughness and nanoscale porosity of the oxidized silicon film did 31 has been used to deposit nanostructured oxidized silicon (ns-SiOx)
films by assembling clusters produced in gas phase 29, [31] [32] [33] [34] . The PMCS operation principle is based on the ablation of a target rod by an inert gas plasma jet (argon in this case), ignited by a pulsed electric discharge. The ablated species thermalize with argon and condense to form clusters 31, 34 . The mixture of clusters and inert gas is then extracted into the vacuum through a nozzle to form a seeded supersonic beam 29, 30 , which is collected on a set of oxidized silicon wafer fragments (1cm x 2cm)
intercepting the beam in a deposition chamber. The clusters kinetic energy is low enough to avoid fragmentation and hence a nanostructured film is grown, leading to a highly porous, high-specific area material 35, 36 .
Drop-casting deposition of [Bmim][NTf2]
In order to reduce water contamination, the ILs used have been kept in ultra high vacuum (10 -6 mbar)
for several days prior to use. The methanol used as solvent was distilled twice prior the preparation of the [Bmim] [NTf2]/methanol solutions, in order to decrease the amount of non volatile contaminants as well as water content.
The capability of ILs to form ordered, solid-like, electrically insulating structures on smooth surfaces was proved to be independent of the solvent used to deposit the IL (methanol, ethanol and chloroform) and the substrate material (oxidized silicon, crystalline MgO, single crystal polished TiO2 rutile and single crystal NaCl) [8] [9] [10] . The fact that similar structures were observed upon drop Thin films of ionic liquids were therefore prepared by drop casting deposition of [Bmim] [NTf2] in a glove box. A 5 µl droplet of diluted (0.5 and 1 μg/ml) [Bmim] [NTf2]/methanol solution was deposited onto the nanostructured oxidized silicon substrate. The solvent was left to evaporate completely and the sample remained in the glove box overnight before it was exposed to ambient air for the duration of the AFM experiments (typically a few hours).
Morphological and mechanical characterization by AFM
Morphological and mechanical analysis were performed by a Multimode 8 AFM (Bruker) in tapping and force curve (point&shoot) mode, using NCHV probes from Bruker, with resonance frequency around 300 kHz, force constant k = 40 N/m, and nominal tip radius 8 nm. Morphological maps have been collected with a sampling resolution of 1-5 nm/pixel using a scan rate of approximately 1 Hz.
The statistical analysis of layered structures has been performed using Matlab custom routines.
For the investigation of the mechanical properties (apparent Young's modulus) of IL structures, we have adopted a point&shoot strategy. Force-distance curves were recorded at every point along a grid spanning a precise surface region, located in a topographic map previously acquired by imaging in tapping mode.
The nanomechanical analysis was then performed by fitting the Hertz model to the experimental force vs indentation curves 37 :
where δ represents here the indentation, E* is the apparent Young's modulus, and R is the tip radius 38 .
The Hertz model is a good approximation of the elastic response of the solid-like IL layer, since the total indentation is not large compared to both the probe radius and the IL layer thickness 10 . In force vs indentation curves, penetration events observed at high forces are called breakthrough events. The effect of the finite thickness of the sample was ignored, therefore the measured Young's modulus should be considered as an effective modulus.
RESULTS AND DISCUSSION

Morphological properties of rough ns-SiOx films
In nanostructured cluster-assembled thin films produced by SCBD, nanometer-sized clusters form a disordered porous matrix characterized by features extending from the nano to the mesoscopic scale; the porosity (void fraction) of these films is typically between 60% and 80%, 39 depending on the deposition rate and on the carrier gas used during the deposition. The thin films deposited by Ar as carrier gas are characterized by a specific surface area of 300 m 2 /gr, as measured by gas adsorption methods 39 . When the bulk of nanostructured films produced by SCBD is broken at the air/solid interface, a rough surface morphology originates. Irrespective to the material deposited, morphological features with lateral dimensions ranging from the size of the primeval incident clusters to hundreds of nanometers, or microns, depending on the film thickness, are organized in a disordered, statistically scale invariant (self-affine) morphology 40 . The characteristic surface parameters (like the root-mean-square roughness) scales according to simple power laws. profile is also shown (peak-to-valley distances can be as large as 100 nm).
As visible in Figure 1 , the surface morphology of ns-SiOx films deposited by SCBD consists of a fine raster of nanometer-sized grains, organized in larger and larger structures, forming open surface pores with locally high-aspect-ratio and nanometer-scale dimensions. These pores can accommodate the ionic liquid that impregnates the nanostructured matrix, providing high spatial confinement at the nanoscale. The rms roughness of the ns-SiOx thin film (thickness ∿ 20 nm) used for the drop-casting experiments with ionic liquids was 14.2 ± 0.5 nm. As clear from the topographic profile shown in Figure 1 , peak to valley distances across the surface can be as high of 100 nm.
[Bmim][NTf2] forms layered nanostructures on rough ns-SiOx surfaces
We have extensively characterized the interfacial properties of imidazolium based ILs drop-casted onto flat insulating surfaces [8] [9] [10] . AFM analysis revealed highly ordered lamellar structures on smooth substrates in conditions of strong surface confinement and interaction (deposition from highly diluted solutions, in the sub monolayer regime), with high vertical order and mechanical resistance to compressive forces.
It was proposed that the spatial confinement at the nanoscale of small amounts of IL can favor the transition from liquid to an ordered structure 8, 10, 12 . When compared to smooth surfaces with similar chemical properties, the use of rough and porous substrates can in principle provides further spatial confinement and increased interacting surface area, which may enhance the formation of ordered solid-like structures. On the other hand, the increased surface disorder can inhibit the regular arrangement of IL ions into ordered structures.
We observed that upon deposition by drop-casting of 5l of a 0.5:1000 [Bmim] [NTf2]/methanol solution on the rough ns-SiOx surface, layered IL structures are formed on the whole sample surface, at remarkable density. This is also confirmed by wide field analysis performed by scanning electron microscopy, as reported in Figure S3 in the Supporting Information. When the same amount of this IL was deposited at the same concentration on a smooth SiOx surface, the wettability of the IL turned out to be significantly reduced, as inferred by the more compact shape and size of the IL droplets (as shown in Figure S1 in the Supporting Information).
Increased wettability of the imidazolium based [Bmim] [PF6] ionic liquid with mesoporous TiO2 compared to dense TiO2 was recently observed 38 , while gelation effects and change in viscosity, eventually leading to solidification, was reported for mixture of imidazolium based ILs and silica nanoparticles 39 .
By doubling the concentration of [Bmim] [NTf2], a thicker liquid film wetting the ns-SiOx surface is observed (with thickness in the range 50-150 nm); nevertheless, the layered structures persist, although the liquid film not only surrounds, but also covers them. The amplitude error maps, similarly to the phase map, highlight the edges of the ordered structures. Remarkably, as in the phase map of Figure 2 , finer morphological details are revealed from the ordered regions compared to the ns-SiOx surface, despite both regions are located underneath the liquid IL film. This could be caused by different thickness of the liquid film above the two interfaces as it could be due to a different tip-sample interaction, associated to different physical properties of the liquid IL phase when standing above the ns-SiOx film or above the ordered IL phase.
Comparing the topographic maps of Figures 2 and 3 , one can infer from the reduced resolution and contrast of the images that the thickness of the liquid IL film on top of the terraces is thicker when the IL is deposited at higher concentration; nevertheless, the tip is able to penetrate through the liquid layer to some extent, and feels the more compact and regular structure underneath (as shown in the amplitude error maps of Figure 3 ). The layered structures are formed by more than ten terraces, which extend vertically for more than 200 nm. As observed on smooth silica surfaces 9 , the structuring induced by the interaction with the rough ns-SiOx surface propagates to distances greatly exceeding the molecular size of the IL.
Mechanical properties of the structured terraces
We showed in previous works, [8] [9] [10] as well as in the Supporting Information, that the ionic liquid structures formed on a smooth SiOx substrate are not only vertically ordered, but also highly mechanically resistant to compressive stresses. This led us to refer to the ordered layered structures as to solid-like structures.
In order to investigate the mechanical properties of the layered [Bmim] [NTf2] structures forming on rough ns-SiOx surfaces, we have first imaged the same terraces, surrounded (and to some extent covered) by the liquid IL phase, by applying different peak forces during the scan. Figure 4a ,b
show the AFM morphological and phase maps acquired by applying the minimum allowed force (typically fraction of nN) 42, 43 in order to trace the surface. The wave-patterned noise is often encountered when scanning the air/liquid interface; a clearly different noise pattern is observed in the central part of the image, where both in the topographic and phase maps some morphological details of the terraces are evident, although the contrast at this low applied force is not optimal.
By applying a force of few nN 42, 43 on the same region of the sample (Figure 4c,d ), the AFM tip is able to break through the liquid IL film (noticeably without getting contaminated irreversibly by the IL, despite the tip is made of oxidized single crystal Si), and to trace the nanostructure beneath it, with remarkable contrast and lack of noise; evidently the applied force is not enough to break through the ordered layered IL structure. Figure 4e ,f show the topographic and phase maps acquired after the ones shown in Figure 4a ,c first at low force during the first half of the scan, then at high force during the second half of the scan. This experiment allowed us to verify that the liquid film was not displaced by the scanning tip, but reversibly indented by the tip, according to the tentative scheme shown in the inset of Figure 4f .
While the tip, at higher forces, penetrates through the liquid IL phase easily, and reproduce faithfully the underlying ns-SiOx morphology with nanometer resolution, it does not break through the ordered terraces, despite the peak force was raised up to several nN. Although a solid-like character of the layered [Bmim] [NTf2] structures is suggested by this imaging evidence, we performed quantitative nanomechanical tests in order to assess it more rigourously, as done for the structures observed on smooth substrates (see Supporting Information). structure acquired by scanning the sample surface in tapping mode with increasing peak force. When the tapping force is increased, the tip senses more effectively deeper regions of the interface, as schematically depicted in boxes described schematically in (f).
Based on the AFM topographic map shown in Figure 4 , several force versus distance curves were acquired in a region where the liquid phase of [Bmim] [NTf2] covered the ns-SiOx surface and on top of the layered structure. Figure 5a ,c show the ensembles of rescaled force curves acquired in the two regions, while the inset in Figure 5b ,d shows the exact locations of the nanomechanical tests.
The force curves may show one or more penetration event, witnessed by an increase of the force followed by a sudden jump and/or a plateau. The latter indicates that upon mechanical failure of a layered terrace, the tip penetrates through while the structure exerts a constant viscous-like force on it. When the tip eventually encounters a very hard surface, the data points collapse along a vertical line at zero tip-sample distance. In our case, this happens when the tip is pressing against the ns-SiOx It is possible to determine an effective value of the Young's modulus E* (not corrected for the final thickness effect 38 ) from the compressive portion of the force curves shown in Figure 5c fitting equation 1 to the data (the linearized force-indentation curves are shown in the inset of Figure 5c ).
We found E* = 61 ± 42 MPa. Remarkably, this value is significantly smaller than the one obtained by fitting the force-indentation curves measured on the layered [Bmim] [NTf2] structures obtained in the same conditions on smooth oxidized silicon substrates: E = 3.7 ± 1.1 GPa (see Supporting
Information for further details, and also Ref. 10 ). Anyway, the measured value of the effective Young's modulus confirms the solid-like character of the layered [Bmim] [NTf2] structures observed on nsSiOx.
The difference with the case of the smooth SiOx substrate could be due to the disordered nature of the ns-SiOx surface, disturbing the ionic correlation over large distances, therefore weakening the mechanical resistance of the layered structures. It is also possible that the strong interaction between the liquid and the ordered IL phase influences the structuring of the ions into the solid-like terraces. Nevertheless, the solid-like IL structures that form on top of the nanostructured SiOx surface remain intact after the repeated interaction with the AFM tip during the imaging and indentation experiments.
Furthermore, different magnifications of SEM images shown in Figure S3 representing the silicon oxidized nanostructured thin film and the same sample after the deposition of ionic liquid (0.5:1000 [Bmim] [NTf2]/methanol) reveal a high density of the solid-like structured terraces formed upon deposition of [Bmim] [NTf2] on ns-SiOx surfaces. SEM images show a contrast which can be interpreted as originating from the different electrical properties of the liquid and solid phase of [Bmim] [NTf2] coexisting on the nanostrucutred substrate. The insulating behavior of the solid-like terraces formed on flat oxidized silicon was demonstrated by means of local capacitance spectroscopy and I-V by AFM, as well as with SEM images in Ref. 10 , as also reported in Figure S1 for the flat oxidized silicon/IL sample deposited in a glove box. The interesting insulating behavior of the solidlike structured terraces grown on nanostructured oxidized silicon film has to be further investigated.
CONCLUSIONS
Nanostructured cluster-assembled thin films proved to be suitable models for the investigation of the confinement effect of ionic liquid at room temperature in a rough and porous matrix. Our results revealed how [Bmim] [NTf2] forms solid-like layered structures when deposited from highly diluted methanol solutions by drop casting on rough cluster-assembled nanostructured SiOx surfaces.
Deposition in controlled, water-free environment led to the same results observed when working in ambient atmosphere, therefore supporting the idea that residual environmental water does not play a crucial role in the formation of the solid-like structures.
The porous nature of the ns-SiOx substrate and its surface roughness do not inhibit the reorganization of [Bmim] [NTf2] into ordered, solid-like domains, which were so far observed only on smooth substrates. The solid-like [Bmim] [NTf2] terraces formed on the nanostructured silicon oxidized surface coexist with the liquid phase, and especially at higher IL concentration, they are typically surrounded by, and embedded in the liquid film, without disruption. The Young's modulus of the solid-like structures was tested and confirmed to be on the tens of MPa range, comparable to that of relatively stiff plastics, although significantly smaller than that of similar structures formed on smooth silica substrates (up to a few GPa). Similarly to the structures formed on smooth substrates, also those formed on nanostructured SiOx seems to possess an insulating character, according to their charging behavior under exposure to electron beams.
The observed interfacial layering of [Bmim] [NTf2] deposited on ns-SiOx suggests that the behavior of the IL-electrode interface in photoelectrochemical devices employing nanostructured nanoporous materials can be far more complex than expected under the hypothesis of an IL-based electrolyte in the stable liquid phase. The observed effects reported in this work could in principle take place also inside the bulk nanoporous matrix of the electrode upon impregnation by the IL, where they could be further amplified by the extreme spatial confinement. Figure S1 . The dielectric character of the [Bmim] [NTf2] solid-like terrraces deposited on flat oxidized silicon surface, already characterized in Ref. 1 , form also in absence of considerable amount of humidity during the deposition process in a glove box.
Also the investigation of the mechanical behaviour of the terraces show results comparable with the one obtained in Ref. 1 : the multi-layer terraces are not only insulating but also solid-like. In Figure S2 the force versus distance curves (top-left) acquired on different points of the morphology shown in the center of the figure, underline breakthrough events which appear at tip-sample distances (4 and 8 nm) comparable with the heights of the two principal terraces. By acquiring SEM images on nanostructured oxidized silicon cluster-assembled thin film recovered by [Bmim] [NTf2] drop-casted as explained in material and methods section, we would expect not to see the silicon dioxide substrates, but only the dark signal coming from the liquid phase surrounding the brighter one originated from the solid-like terraces. In Figure S3 different magnifications of SEM images representing the silicon oxide nanostructured thin film and the same sample after the deposition of ionic liquid (0.5:1000 [Bmim] [NTf2]/methanol) are shown. As expected, we observe the dark background of the liquid phase and leaf shaped bright objects, with a morphology comparable with the AFM images shown in the main text. We can undoubtedly identify the brighter leaf-like objects with the structured multi-layer solid terraces characterized by AFM. In addition to their recognizable shape, they are completely absent from the SEM image of the pure nanostructured silicon dioxide surface. The bright color of the solid terraces is an interesting sign of the different electrical nature of the solid from the liquid phase, which reveals an insulating character, which has been recently characterized by AFM as reported in Ref. 1 . SEM analysis reveals also a high density of the solid-like structured terraces formed upon deposition of [Bmim] [NTf2] on ns-SiOx surfaces. 
